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LTDs	  play	  large	  role:	  
• 	  age	  of	  universe	  

• 	  cosmic	  microwave	  background	  angular	  power	  spectrum	  

• 	  searches	  for	  galaxy	  clusters 	   	   	  	  

• 	  polarizaQon	  in	  the	  cosmic	  microwave	  background	  

South	  Pole	  Telescope	  
	  ~	  1,000	  TES	  pixels	  

Atacama	  Cosmology	  Telescope	  
	  	  	  	  	  	  	  ~	  3,000	  TES	  pixels	  

B-‐mode	  search	  
polarimeter	  pixel	  

Many other instruments: SPIDER, PIPER, BICEP2, KECK, POLARBEAR, … 

Precision Cosmology 



1.	  X/γ	  spectroscopy	  
	  CharacterizaQon	  of	  complex	  Pu	  spectra	  with	  overlapping	  peaks	  
	  Close	  performance	  gap	  between	  NDA	  and	  DA	  

	  
2.	  α/Q	  spectroscopy	  
	  CharacterizaQon	  of	  trace-‐level	  Pu	  samples	  
	  Simpler/faster	  than	  mass-‐spec	  +	  alpha-‐spec	  

	  
3.	  Electron	  capture	  spectroscopy	  (ECS)	  
	  Neutrino	  mass	  

Current Projects 
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Thermal Sensors – Bolometers and Calorimeters 
Measure	  temperature	  to	  determine	  absorbed	  power	  or	  energy	  
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Transition Edge Sensor (TES) 

ΔE	  ~	  T(kbC)1/2	  

Low	  temperature	  à	  Low	  noise	  à	  High	  resoluQon	  

SQUID	  readout	  

TES	  

TES	  with	  absorber	  



Microcalorimeter Gamma-Ray Array 
o 	  256-‐pixel	  microcalorimeter	  array	  for	  X-‐	  &	  γ-‐ray	  measurement	  
o 	  One	  pixel	  =	  1.5	  X	  1.5	  mm2	  by	  0.38	  mm	  thick	  
o 	  Total	  collecQon	  area	  =	  576	  mm2	  (compare	  to	  planar	  HPGE	  ~200-‐1000	  mm2)	  

4	  “chips”	  X	  	  
64	  pixels	  

MUX	  chips	  

Output	  to	  4K	  series	  
array	  SQUID	  and	  room	  

temp.	  electronics	  
Wire	  bonds	  

HPGe	  crystal	  



Microcalorimeter Array 



Multiplexing 

o 	  Channel	  count	  and	  power	  dissipaQon	  
lead	  to	  mulQplexing	  
	  
o 	  Time-‐division	  mulQplexing	  



Cryogenic Operation 

o 	  ~50	  mK	  with	  dry	  cryostat	  uQlizing	  He	  pulse-‐tube	  and	  adiabaQc	  
demagneQzaQon	  refrigerator	  (ADR)	  -‐	  no	  liquid	  cryogens	  required	  

He	  
pulse-‐
tube	  

ADR	  

detector	  
array	  

1	  m	  



Energy	  ResoluQon	  for	  X-‐	  and	  γ-‐ray	  Spectroscopy	  
Factor	  of	  ten	  be=er	  than	  conven?onal	  semiconductor	  technology	  



Gamma-ray Spectroscopy 

HPGe	  

µcal	  

o 	  Microcalorimeter	  energy	  resoluQon	  up	  to	  10	  Qmes	  beier	  than	  HPGe;	  advantage	  
for	  analysis	  of	  samples	  with	  high	  peak	  density	  and	  overlap	  

Microcal	  measurement	  of	  plutonium	  isotopic	  standard	  



“Slow” Detectors 

Challenge:	  similar	  counQng	  speed	  as	  HPGe	  (tens	  of	  kHz)	  but	  retain	  resoluQon	  



Reducing Pulse Decay Times 

o  Long	  secondary	  thermal	  decay	  Qmes	  undesirable	  for	  high	  event	  rates	  

o  Absorber	  aiachment	  glue	  is	  suspect;	  Diffusion	  bonding	  looks	  promising	  



More Pixels 
o  Towards	  103,104,	  or	  more	  pixels	  

o  TDM	  at	  limits	  -‐	  microwave	  MUX	  could	  be	  enabling	  technology	  

o  Change	  of	  inductance	  causes	  change	  in	  transmission	  of	  microwave	  resonator	  

o  Readout	  thousands	  of	  pixels	  from	  a	  single	  line	  



Microwave MUX 

o  Microwave	  MUX	  demonstrated	  on	  2-‐pixel	  system	  (63	  eV	  FHWM)	  



Nuclear Forensics & Alpha Spectrometry 

o  ~10 keV resolution with Si detectors; cannot resolve 240Pu:239Pu,  
 238Pu:241Am 

 

o  Radiochemical isolation of each element to remove peak overlaps  

Limits on Current Alpha Spec: 

o 	  High	  emission/detecQon	  rate	  for	  alphas	  à	  analysis	  of	  trace	  samples	  (nanogram	  
scale)	  



Microcalorimeter Alpha-Spec 

o 	  Similar	  core	  technology	  as	  gamma-‐spec	  (TES	  +	  absorber)	  

o 	  Smaller	  channel	  count	  due	  to	  larger	  absorber	  and	  high	  detecQon	  efficiency	  for	  alphas	  
	  



Si	  

Microcal	  

Actual	  RaQo	  

Application: Pu Isotopics 

10x	  beier	  resoluQon	  for	  microcalorimeter	  compared	  to	  Si	  



de Vol, et al., J. Rad. Nucl. Chem 254 (2002) 71-79  

•  Measure	  mulQple	  α	  energies	  for	  single	  isotope	  due	  to	  fine	  structure	  of	  
daughter	  nucleus	  

α-Spectroscopy Limits 



Q-Spectroscopy 
•  Embed	  sample	  inside	  a	  detector	  
•  Measure	  combined	  energy	  of	  all	  decay	  products	  (α,	  recoil	  nucleus,	  

X-‐rays,	  γ-‐rays,	  e-‐)	  
•  Observe	  single	  energy	  peak	  at	  Q-‐value	  for	  each	  isotope	  

Q-‐value	  =	  5.26	  MeV	  
	  	  	  	  	  	  	  =	  Total	  energy	  release
	  	  

240Pu	  à	  236U	  +	  4He	  +	  Q	  
	  



Thermal link 

(gold wire bond)

Absorber-embedded 

radioactive source material

TES thermometer

Silicon frame with 

SiN membrane

Bulk silicon substrate
Radiation absorber (Sn or Au) 

glued to SiN membrane

Low-cost, easy-to-assemble 

absorber-embedded source
Robust and reusable 

TES microcalorimeter

Q Detector Concept 
•  Minimal	  chemical	  preparaQon;	  All	  elements/isotopes	  measured	  

simultaneously;	  No	  electroplaQng;	  High	  efficiency;	  Sample	  is	  not	  destroyed	  
during	  measurement;	  Bulk	  aqueous	  or	  single	  parQcle	  	  

	  
•  Separate	  sample	  and	  TES	  chips	  permit	  reuse	  of	  well-‐characterized	  detector	  

for	  different	  samples	  



Path	  length	  of	  common	  decay	  products	  in	  Au…	  

Absorber 
Gold…	  

•  Resists	  oxidaQon	  
•  Malleable	  
•  Amenable	  to	  diffusion	  welding	  
•  Evidence	  that	  it	  works	  (S-‐J.	  Lee,	  et	  al.,	  J.	  Phys.	  G,	  37	  (2010)	  055103)	  	  

~30	  µm	  Au	  
absorber	  sufficient	  



239Pu/240Pu 

1	  Bq	  for	  24	  hours	  	  	  	  	  	  Si	  α-‐spec:	  10	  keV	  FWHM	  ,	  ε=50%	  	  	  	  	  	  	  µcal	  Q-‐spec:	  2	  keV	  FWHM,	  ε=100%	  
SyntheQc	  data	  for	  illustraQve	  purposes	  

11	  keV	  



Q-Spectroscopy 

Sample	   TES	  Sensor	  
Thermal	  
Link	  

210Po	  two-‐chip	  Si	  meander	  
vs	  ≈	  0.73	  V	  
Predicted	  V/ΔV	  =	  8561	  à	  0.63	  keV	  
Achieved	  	  E/ΔE	  =	  	  2704	  à	  2.0	  keV	  

•  Successful	  Q	  measurements	  for	  2-‐chip	  separated	  sample/sensor	  
configuraQon	  



R.D.	  Horansky,	  et	  al.,	  J.	  Appl.	  Phys.	  107	  (2010)	  044512	  

•  Larce	  damage	  –	  incident	  α	  moves	  atoms	  between	  larce	  and	  
intersQQal	  sites	  

•  Contributes	  to	  a	  mean	  energy	  loss,	  low-‐energy	  tail,	  and	  peak	  
broadening	  

Lattice Damage 



K.E.	  Koehler,	  et	  al.,	  IEEE	  Trans.	  Nucl.	  Sci.	  60	  (2013)	  624	  	  	  

Lattice Damage 
SRIM	  calculaOons	  (R.D.	  Horansky)	  
	  

	  α	  in	  Au:	  	  0.46	  keV	  offset,	  0.22	  keV	  FWHM	  broadening	  
	  α	  +	  nrecoil	  in	  Au:	  	  8.7	  keV	  offset,	  0.77	  keV	  FWHM	  broadening	  

5485.56	  keV	  α	  in	  Au	   5637.82	  keV	  Q	  
(α	  +	  nrecoil)	  in	  Au	  

Energy after loss to Frenkel pairs (keV) Energy after loss to Frenkel pairs (keV) 

-‐0.46	  
keV	  

-‐8.7	  
keV	  

0.22	  
keV	  

0.77	  
keV	  



The High-Energy Feature 

•  ObservaQon	  confirmed	  by	  KRISS	  
researchers	  

•  Present	  hypothesis:	  non-‐uniform	  
radiaQon	  environment	  from	  residue	  
le#	  by	  droplet	  drying,	  perhaps	  leading	  
to	  incomplete	  energy	  collecQon	  or	  
larce	  damage	  effects	  



Quantitative Isotopic Analysis 

Si	  α-‐spec	  data	  from	  239Pu/
241Am	  sample	  

Microcal	  Q-‐spec	  data	  from	  
239Pu/241Am	  sample	  

239Pu	  
241Am	  

239Pu	  

241Am	  



•  First	  demonstraQon	  of	  Q-‐spec	  quanQtaQve	  analysis	  
•  Presently	  looking	  at	  240Pu:239Pu	  vs.	  mass-‐spec	  

Quantitative Isotopic Analysis 



Chemical Age 

•  Ingrowth	  of	  241Am	  daughter	  over	  Qme	  
provides	  an	  “atomic	  clock”	  to	  determine	  
Qme	  since	  purificaQon	  using	  241Am:241Pu	  
raQo	  

•  mass-‐spec	  isobar	  for	  241Am:241Pu	  
•  γ-‐spectroscopy	  has	  low	  sensiQvity	  
•  α-‐spectroscopy	  insensiQve	  to	  β-‐decay	  

path	  
•  Q-‐spectroscopy	  can	  perform	  the	  

measurement	  with	  minimal	  chemical	  
preparaQon	  and	  one	  measurement	  

•  Time	  since	  chemical	  purificaQon	  is	  important	  forensics/safeguards	  informaQon	  
	  



Chemical Age 
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241Am/241Pu Analysis 

•  Can	  we	  simultaneously	  measure	  keV	  β	  and	  MeV	  Q?	  

241Am	   241Pu	  with	  241Am	  ingrowth	  
	  

241Am	  Q	  

241Pu	  β	

noise	  

241Am	  Q	  
noise	  



241Am/241Pu Analysis 
•  For	  241Pu	  β-‐spectrum	  
	  
	  
	  
	  
	  
	  
•  For	  241Am	  Q-‐value,	  just	  add	  up	  counts	  in	  the	  region	  of	  interest	  	  

N T( ) =CF T( )S T( ) T 2 + 2Tm( ) Q −T( )
2
T +m( )

241Pu	  β	
 241Am	  Q	




241Am/241Pu Analysis 
Measurements	  from	  2	  samples	  with	  known	  composiQon	  



163Ho Electron Capture Spectroscopy (mν) 

o 	  ECS	  involves	  the	  emission	  a	  series	  of	  X-‐ray	  lines	  by	  the	  daughter	  atom.	  Each	  X-‐ray	  line	  is	  of	  
energy	  Q-‐Ei,	  where	  Q	  is	  the	  mass	  difference	  of	  the	  two	  atoms	  in	  their	  ground	  states	  and	  Ei	  is	  
the	  binding	  energy	  of	  the	  electron	  hole	  in	  the	  final	  atom.	  For	  Holmium	  the	  endpoint	  is	  only	  
known	  to	  be	  between	  2.2	  and	  2.8	  keV.	  
	  
o 	  ~	  1	  eV	  spectral	  resoluQon	  needed	  



MARE and ECHO 

MARE	  (Rhenium)	  [Gar	  2011,	  Genoa,	  
unpublished]	  A#er	  an	  experimental	  decade:	  
low	  staQsQcs,	  poor	  resoluQon	  

	  

ECHO	  [RanQzsch	  2011,	  Hiedelberg,	  JLT	  
2011]	  12	  eV	  resoluQon,	  no	  array	  readout	  

LANL	  advantages	  
o 	  Good	  isotope	  producQon	  method	  for	  163Ho	  	  
o 	  Demonstrated	  high-‐resoluQon	  X,	  γ,	  α,	  and	  Q	  detectors	  
o 	  World’s	  largest	  microcalorimeter	  γ-‐ray	  array	  (256	  pixels)	  
o 	  Demonstrated	  radionuclide	  encapsulaQon	  with	  high	  resoluQon	  (~1-‐2	  keV	  	  at	  5	  
MeV)	  



163Ho 

o  Low	  Q-‐value	  (more	  sensiQve	  to	  neutrino	  mass)	  and	  high	  acQvity	  

o  The	  LANL	  Isotope	  ProducQon	  Facility	  (IPF)	  can	  be	  used	  to	  produce	  163Ho	  via	  the	  
164Dy(p,2n)163Ho	  reacQon	  

o  Dy	  target	  with	  30	  hours	  irradiaQon	  
	  	  	  	  	  	  	  expected	  to	  produce	  ~1017	  atoms	  of	  	  
	  	  	  	  	  	  	  163Ho	  (30	  µg,	  ~105	  Bq)	  

o  Recovery	  of	  the	  radio-‐holmium	  in	  TA-‐48	  
	  	  	  	  	  	  hot	  cell	  facility	  from	  the	  target	  material	  	  
	  	  	  	  	  	  matrix	  by	  means	  of	  radio	  chemical	  	  

	  separaQon	  procedures	  (column	  	  
	  separaQon)	  



Predicted Spectrum Endpoint 



Predicted mass sensitivity 

Crucially dependent on Q, energy resolution, activity per pixel, number of 
pixels, experiment duration 

black 	  Q	  =2.2	  keV	  
red	   	  Q=2.5	  keV	  
green 	  Q=2.8	  keV	  



Detectors for ECS 

•  8-‐channel	  chip	  for	  scalability	  to	  large	  channel-‐count	  

•  9	  eV	  resoluQon	  with	  55Fe	  source,	  working	  to	  improve	  

TES	   sample	  mounQng	  pad	  


